Abiotic components create different types of environmental stress on bacterial communities in aquatic ecosystems. In this study, the long-term exposure to various abiotic factors, namely a high-dose of the toxic chemical decabromodiphenyl ether , continuous UVA irradiation, and different types of sediment, were evaluated in order to assess their influence on the bacterial community. The dominant bacterial community in a single stress situation, i.e., exposure to BDE-209 include members of Comamonadaceae, members of Xanthomonadaceae, a Pseudomonas sp. and a Hydrogenophaga sp. Such bacteria are capable of biodegrading polybrominated diphenyl ethers (PBDEs). When multiple environmental stresses were present, Acidobacteria bacterium and a Terrimonas sp. were predominant, which equipped the population with multiple physiological characteristics that made it capable of both PBDE biodegradation and resistance to UVA irradiation. Methloversatilis sp. and Flavisolibacter sp. were identified as representative genera in this population that were radioresistant. In addition to the above, sediment heterogeneity is also able to alter bacterial community diversity. In total, seventeen species of bacteria were identified in the microcosms containing more clay particles and higher levels of soil organic matter (SOM). This means that these communities are more diverse than in microcosms that contained more sand particles and a lower SOM, which were found to have only twelve identifiable bacterial species. This is the first report to evaluate how changes in bacterial communities in aquatic sediment are affected by the presence of multiple variable environmental factors at the same time.
Introduction
An ecosystem is a natural community and consists of various biotic and abiotic components that are crosslinked via nutrient cycles and energy flows. The abiotic components in an aquatic system, which include pH, sunlight, turbidity, salinity, available nutrients, dissolved oxygen (DO), soil texture, and soil type, are able to disrupt physiology, behaviors, and interactions of living organisms in the sediment. Aquatic sediment is classified as the largest ecosystem on Earth. Microorganisms play important roles in the biogeochemical cycling of elements, in food webs, and how aquatic ecosystems function in aquatic sediments [1] . These physical/chemical factors are often identified as environmental stressors and influence the growth and development of the biological communities that form the aquatic sediments. Xenobiotic chemicals have been considered as a typical class of environmental stress to ecosystems. Emerging contaminates (ECs) are frequently a major concern due to their persistence and toxicity in the environment. One class of ECs of most concern is polybrominated diphenyl ethers (PBDEs), which are widely used as brominated flame retardants (BFR) in industrial products and domestic appliances. PBDE congeners are widely distributed as pollutants in various environments because of the amount of e-waste that is illegally dumped as part of inappropriate waste management. Decabromodiphenyl ether (BDE-209) represents the primary component in many commonly used BFRs and constitutes approximately 83.3% of the worldwide use of PBDEs. Bioaccumulation of PBDEs can bring about high adverse ecological and human health effects. PBDEs are endocrine disrupting chemicals and have effects on the development of the mammalian reproductive system. Exposure to a high level of PBDE results in mammalian neurotoxicity affecting the developing brain and such exposure can also cause liver carcinogenesis by inducing cytochrome P450s and UDP-glucuronyl transferase [2] .
BDE-209 is the most dominant PBDE congener across all contaminated aquatic sediments because of its low bioavailability. The mean concentration of BDE-209 was found at 21-65 ng/g dry wt. in the surface sediments of the Sydney estuary, Australia. Other PBDEs found at a high concentration included penta-BDEs and octa-BDEs within the range 0.6-2.5 ng/g dry wt [3] . In China the predominant congener of BDE-209 was found at a concentration of 129.9 ± 11.1 ng/g in a surface sediment, and accounted for 96% of all of the 18 PBDEs present in the sediment [4] . The concentrations of seven PBDE congeners (BDE-47, BDE-99, BDE-100, BDE-153, BDE-154, BDE-183, and BDE-209) ranged from 20 to 78 ng/g (dry weight) in a South African river. The dominant PBDE congeners in these samples were BDE-209, BDE-99, and BDE-153 at concentrations of 9.4-56, 4-32, and 1-10.6 ng/g, respectively [5] . Commercial BDE-209 is widely present in the soil around electronic waste (e-waste) recycling sites and there appeared to be an explicit transfer of BDE-209 from the e-waste into the environment. For example, the dominant congeners of BDE-209 that were released from CRT TVs and LCD monitors at e-waste recycling companies have been found to contribute between 90.72% and 93.54% of the total concentration of PBDEs [6] . The existence of PBDEs in aquatic sediments influence the microbial community and diversity on a case-by-case basis. Highly brominated PBDE congeners are usually more toxic to anaerobic microbes than other PBDEs. For example, BDE-154 has been shown to inhibit bacterial populations more than other PBDEs when 0.1 µg/mL of a number of PBDEs (BDE-47, BDE-99, BDE-100, BDE-153, and BDE-154) were added to an anaerobic bacteria mixed culture [7] . The addition of a high concentration of BDE-209 (10 mg/kg) seems to increase aerobic microbial diversity, and Firmicutes now become the dominant bacteria when BDE-209 is present [8] . ε-Proteobacteria and Chloroflexi are believed to play important roles in the biodegradation of BDE-209 in the contaminated sediment [9] . It is thus interesting to understand what groups of bacteria are able to tolerate the toxicity of BDE-209 in the aquatic sediment, or develop the ability to degrade this contaminant.
Environmental microorganisms usually are able to show different physiological characteristics under a specific environmental stress in an ecosystem. Irradiation by sunlight, especially UV light, is believed to play an important role in the alterations of sediment bacterial community. UV radiation is reported to damage bacterial DNA structures and lead to genetic mutations. Bacterial transcription, the first step of DNA based gene expression, is terminated directly by UV irradiation [10] . The composition of a bacterial community, the growth of a specific bacteria and bacterial productivity can all be affected by UV [11] . UV is classified into three types, UVA, UVB, and UVC, based on wavelength. Most UVC (below 290 nm) is absorbed by the ozone layer and does not reach the Earth's surfaces. UVA rays are able to penetrate the atmosphere and account for up to 95% of the UV radiation reaching the Earth's surfaces. UVA is present at a relatively equal intensity during daylight throughout the year and is able to easily penetrate clouds. UV photolysis is considered as an important abiotic pathway by which xenobiotic chemicals are broken down via the generation of free radicals [12] . BDE-209 in sediment is gradually debrominated into low-bromine PBDEs because the C-Br bonds are attacked by the full wavelength range (300-400 nm) of UVA irradiation [13] . Previous research has focused on the effect of UV on PDBE removal efficiency and the generation of PBDEs byproducts within ecosystems [14] [15] [16] .
For example, the debromination products of BDE-209 in natural matrices (sediment, soil, and sand) exposed to a continuous UVA were nona-PBDEs to tetra-PBDEs [14] . Full wavelength UVA photolysis of BDE-209 (300-400 nm) seems to result in the formation of free radicals and this increases the efficiency of the degradation [15] . However, soil organic matter (SOM) has the ability to strongly absorb BDE-209 or might affect the half-life of free radicals. This influence decreases the consecutive reductive debromination of BDE-209 by UVA irradiation. The half-life of BDE-209 when being photodegraded in sediment containing SOM (150 d; TOC = 16.4%) has been shown to be much longer than when BDE-209 is in the presence of montmorillonite (36 d) and kaolinite (44 d) [16] . However, there is less literature documenting how UVA irradiation affects bacterial activity in sediments as part of affecting ecological services.
The objective of this study is to investigate the influence of long-term UVA irradiation and BDE-209 exposure on the bacterial communities in the aquatic sediments with varying soil compositions. The various bacterial species were identified in terms of their ability to biodegrade PBDEs and their UV resistance. Furthermore, the influence of soil texture and SOM on these bacterial communities was analyzed from a microscale viewpoint. Results from this study provide useful information on how aquatic sediment bacterial communities response to multiple physical/chemical stressors.
Materials and Methods

Chemicals
BDE-209 with a purity greater than 98% was used to prepare the BDE-209-contaminated sediment. A standard solution of 24 PBDE congener mixture, dissolved in isooctane-toluene (8:2, v/v), was used for the gas chromatography/mass spectrometry (GC/MS) analysis . The congeners imcluded BDE-17,  -28, -47, -49, -66, -71, -77, -85, -99, -100, -119, -126, -138, -153, -154, -156, -183, -184, -191, -196, -197,  -206, -207 , and -209. The 13 C-PBDE internal standards for PBDEs consisted of C13-BDE-28, -47, -99, -100, -153, -154, and -183. C13-BDE-138 was used as the recovery standard for the PBDE analysis. All organic solvents, including n-Hexane and acetone, were of GC grade with a purity of >99.9%. All other chemicals were of reagent grade with a purity of >99%. The Milli-Q water (>18 MΩcm) was used in this study was obtained from a Millipore water purification system.
River Sediments
PBDE-contaminated river sediments were collected 0-15 cm in the sediments from drainage basin of the Da-An River in Miaoli County, Taiwan. Each 200-g samples was collected from either below the Yi-Li Bridge (Yi-Li sediment) or from below the Da-An Bridge (Da-An sediment). Figure 1 shows the sampling locations on the Da-An River. Table 1 outlines the physical-chemical characteristics of these sediments. The amount of PBDEs present in the two river sediment samples was estimated by GC-MS analysis (see Section 2.4). 
BDE-209-Contaminated Microcosms and Exposure to UVA Irradiation
Microcosms were setup to simulate the influence of environmental stress on bacterial community in the BDE-209-contaminated sediment ecosystem. 2-L serum bottles contained a solid/water mixture of 10.0-g sediment and 500-mL mineral salt medium (MSB). High amounts of BDE-209 and UVA irradiation are designed as environmental stress in this study. BDE-209-contaminated sediment of Da-an and Yi-Li samples were initially prepared at 20.0 mg/kg, based on the previous study [17] . Microcosms were incubated by the continuing irradiation of narrow-band (365-nm) UV lamp (Philips, The Netherlands) with the light intensity of 1.5~2.0 mw/cm 2 at room temperature for 4 months (120 days). DO in microcosms was always kept above 2.0 mg/L by a steady aeration of the air-supply equipment during experiments. The group of BDE-209-contaminated microcosms was conducted at the same experimental conditions in the dark environment (light intensity = 0 mw/cm 2 ). The biotransformation of BDE-209 in the microcosms either in the dark environment or under UVA irradiation was measured with decreased BDE-209 concentration. DNA samples for bacterial community analysis were taken from each of microcosms. Controls of BDE-209-free microcosms under both radiation and no-radiation was conducted.
PBDEs Analysis
PBDEs in the aerobic microcosms were measured by GC-MS after ultrasonic extraction [14] . The solid/water mixture samples were separated into sediment and aqueous solution by centrifugation at 4 °C and 5000 rpm for 30 min in a Teflon centrifuge tube (Thermo Scientific™ Nalgene™ LabWare, MI, USA). The aqueous solution was discarded, and the solid fractions underwent the ultrasoundassisted extraction. A total of 10 mL of n-hexane/acetone (1:1, v/v) solvent was used to extract PBDEs. Quantification of the PBDEs involved an internal standard method used by the Taiwan Environmental Protection Agency (NIEA M802.00B). This involved the measurement using a GC (Agilent HP 6890, CA, USA)-MS (JEOL MS-700, Tokyo, Japan), a DB-5HT column (Agilent, CA, USA) with helium (99.999% purity) as a carrier gas at a constant column flow rate (1 mL/min). The sample extract (1-μL) or a standard solution was injected with solvent to allow analysis of PBDEs. Ionization involved the electron ionization (EI) mode at 38 eV. The temperature of the ion source was 320 °C, and the resolving power of the analyzer was 10,000. The MS was operated in the selected ion monitoring (SIM) mode of the GC/MS system with eight descriptors.
Bacteria Community Analysis
The DNA-cloning approach is a good method for realizing species-level identification of bacteria in soil [18] . In this study, molecular cloning was used to identify bacterial species in the microcosms. The experimental procedure is followed by our previous study [19] . Cloning-PCR products were sequenced by Genomics Co., Taiwan. All sequences were compared with those of reference Figure 1 . The relative positions in this study used to sample the surface river sediment. The Yi-Li river sediment sample location (blue star mark) and the Da-An River sediment sample location (green stat mark) are located on the Da-An River, Miaoli County, Taiwan.
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BDE-209-Contaminated Microcosms and Exposure to UVA Irradiation
PBDEs Analysis
PBDEs in the aerobic microcosms were measured by GC-MS after ultrasonic extraction [14] . The solid/water mixture samples were separated into sediment and aqueous solution by centrifugation at 4 • C and 5000 rpm for 30 min in a Teflon centrifuge tube (Thermo Scientific™ Nalgene™ LabWare, MI, USA). The aqueous solution was discarded, and the solid fractions underwent the ultrasound-assisted extraction. A total of 10 mL of n-hexane/acetone (1:1, v/v) solvent was used to extract PBDEs. Quantification of the PBDEs involved an internal standard method used by the Taiwan Environmental Protection Agency (NIEA M802.00B). This involved the measurement using a GC (Agilent HP 6890, CA, USA)-MS (JEOL MS-700, Tokyo, Japan), a DB-5HT column (Agilent, CA, USA) with helium (99.999% purity) as a carrier gas at a constant column flow rate (1 mL/min). The sample extract (1-µL) or a standard solution was injected with solvent to allow analysis of PBDEs. Ionization involved the electron ionization (EI) mode at 38 eV. The temperature of the ion source was 320 • C, and the resolving power of the analyzer was 10,000. The MS was operated in the selected ion monitoring (SIM) mode of the GC/MS system with eight descriptors.
Bacteria Community Analysis
The DNA-cloning approach is a good method for realizing species-level identification of bacteria in soil [18] . In this study, molecular cloning was used to identify bacterial species in the microcosms. The experimental procedure is followed by our previous study [19] . Cloning-PCR products were sequenced by Genomics Co., Taiwan. All sequences were compared with those of reference microorganisms from GenBank using a BLAST search approach. The 16S rDNA sequences closest to the 16S rRNA sequences obtained from the bacteria within the microcosms were retrieved and all sequences were aligned using ClustalX. A phylogenetic tree was constructed by the neighbor-joining method by using Molecular Evolutionary Genetics Analysis 10.1 Beta (https://www.megasoftware.net/). Bootstrap values of >1500 (from 5000 replicates) are indicated at the nodes in the phylogenic analysis.
Results
PBDEs Concentrations in River Sediments
The total concentration of 24 PBDEs in Yi-Li and Da-An sediments were measured at 38 ng/kg and 39 ng/kg, respectively. BDE-209 manifested the highest concentration in both samples, 32.6 ng/kg in the Yi-Li sediment and 35.8 ng/kg in the Da-An sediment, which account for 84% and 89% of the total amount of the 24 PBDEs, respectively. The second highest level of PBDE congeners in the two samples were found to be BDE-207 and BDE-206. microorganisms from GenBank using a BLAST search approach. The 16S rDNA sequences closest to the 16S rRNA sequences obtained from the bacteria within the microcosms were retrieved and all sequences were aligned using ClustalX. A phylogenetic tree was constructed by the neighbor-joining method by using Molecular Evolutionary Genetics Analysis 10.1 Beta (https://www.megasoftware.net/). Bootstrap values of >1500 (from 5000 replicates) are indicated at the nodes in the phylogenic analysis.
Results
PBDEs Concentrations in River Sediments
The total concentration of 24 PBDEs in Yi-Li and Da-An sediments were measured at 38 ng/kg and 39 ng/kg, respectively. BDE-209 manifested the highest concentration in both samples, 32.6 ng/kg in the Yi-Li sediment and 35.8 ng/kg in the Da-An sediment, which account for 84% and 89% of the total amount of the 24 PBDEs, respectively. The second highest level of PBDE congeners in the two samples were found to be BDE-207 and BDE-206. Figure 3 shows the phylum-level analysis of the bacterial communities present in the BDE-209-contaminated Yi-Li microcosms. Figure S1 shows a phylogenetic tree of the cloned 16S rRNA sequences of the bacterial populations present in the Yi-Li microcosms with/without the UVA irradiation. Six phyla that are often found in a soil environment can be identified in the dark microcosm. The dominant bacteria are Proteobacteria (72.06%), including β-Proteobacteria (53.47%) and γ-Proteobacteria (18.59%). Other four phyla are also present and make up the remaining 27.94%, these are Acidobacteria, Actinobacteria, the CFB group bacteria, and Firmicutes. Six phyla can also be detected in the UV-irradiated microcosm, but there are two new phyla present; these are α-Proteobacteria (9.80%) and δ-Proteobacteria (7.84%); furthermore, the Actinobacteria and Firmicutes have disappeared. Table 2 shows the genus-level analysis of the bacteria in the BDE-209-contaminated Yi-Li sediment microcosms. Figure S1 shows twelve distinct bacterial species can be identified in the dark environment; similarly, twelve bacterial species can be identified after the UVA irradiation for 3 months. The percentages of Methyloversatilis sp. (23.25%-23.53%), which is β-Proteobacteria, Acidobacteria bacterium (9.30%-9.80%), which is an Acidobacteria and Ferruginibacter sp. (6.97%-7.84%), which is a CFB group bacteria, are similar in both the dark microcosm and the UVA-irradiated microcosms. Other dominant bacterial species (≥5%) that were identified as present in the dark Figure 3 shows the phylum-level analysis of the bacterial communities present in the BDE-209-contaminated Yi-Li microcosms. Figure S1 shows a phylogenetic tree of the cloned 16S rRNA sequences of the bacterial populations present in the Yi-Li microcosms with/without the UVA irradiation. Six phyla that are often found in a soil environment can be identified in the dark microcosm. The dominant bacteria are Proteobacteria (72.06%), including β-Proteobacteria (53.47%) and γ-Proteobacteria (18.59%). Other four phyla are also present and make up the remaining 27.94%, these are Acidobacteria, Actinobacteria, the CFB group bacteria, and Firmicutes. Six phyla can also be detected in the UV-irradiated microcosm, but there are two new phyla present; these are α-Proteobacteria (9.80%) and δ-Proteobacteria (7.84%); furthermore, the Actinobacteria and Firmicutes have disappeared. Table 2 shows the genus-level analysis of the bacteria in the BDE-209-contaminated Yi-Li sediment microcosms. Figure S1 shows twelve distinct bacterial species can be identified in the dark environment; similarly, twelve bacterial species can be identified after the UVA irradiation for 3 months. The percentages of Methyloversatilis sp. (23.25%-23.53%), which is β-Proteobacteria, Acidobacteria bacterium (9.30%-9.80%), which is an Acidobacteria and Ferruginibacter sp. (6.97%-7.84%), which is a CFB group bacteria, are similar in both the dark microcosm and the UVA-irradiated microcosms. Other dominant bacterial species (≥5%) that were identified as present in the dark microcosm were Comamonadaceae bacterium Figure 4 shows the phylum-level bacterial communities present in the BDE-209-contaminated Da-An microcosms. Figure S2 shows a phylogenetic tree of the cloned 16S rRNA sequences of the bacterial populations in the Da-An microcosms with/without UVA irradiation. Six phyla were identified in the dark microcosm. The dominant bacteria were Proteobacteria (62.70%), including α-Proteobacteria (10.35%), β-Proteobacteria (42.00%), and γ-Proteobacteria (10.35%). The percentages of other phyla present were CFB group bacteria (18.33%), Acidobacteria (15.20%), and Firmicutes (3.50%). Four phyla found in the UV-irradiated microcosm. There was a significant increase in the CFB group bacteria (49.12%) and α-Proteobacteria (37.88%) compared to the dark control after long-term UVA irradiation for 4 months. Table 3 shows the bacteria present in the BDE-209-contaminated Da-An Figure 4 shows the phylum-level bacterial communities present in the BDE-209-contaminated Da-An microcosms. Figure S2 shows a phylogenetic tree of the cloned 16S rRNA sequences of the bacterial populations in the Da-An microcosms with/without UVA irradiation. Six phyla were identified in the dark microcosm. The dominant bacteria were Proteobacteria (62.70%), including α-Proteobacteria (10.35%), β-Proteobacteria (42.00%), and γ-Proteobacteria (10.35%). The percentages of other phyla present were CFB group bacteria (18.33%), Acidobacteria (15.20%), and Firmicutes (3.50%). Four phyla found in the UV-irradiated microcosm. There was a significant increase in the CFB group bacteria (49.12%) and α-Proteobacteria (37.88%) compared to the dark control after long-term UVA irradiation for 4 months. Table 3 shows the bacteria present in the BDE-209-contaminated Da-An sediment microcosms at the genus-level. The bacterial community consisted of abundant seventeen bacterial species when the dark environment was examined and nine abundant bacterial species after the UVA irradiation. Four bacterial species, namely Acidobacteria bacterium, Flavobacteriia bacterium (Flavisolibacter sp.), Xanthomonadaceae bacterium (Xanthomonas sp.), and Hyphomicrobium sp. (Hyphomicrobium zavarzinii) were identified in both microcosms. Nevertheless, the percentages of each bacterial species did differ significantly between the dark microcosm and the UVA irradiation microcosm. For example, the percentage of Acidobacteria bacterium was 15.00% in the dark microcosm and this was found to have decreased to 5.88% in the UVA-irradiated microcosm. The percentage of Flavobacteriia bacterium was 3.33% in the dark microcosm and this was increased to 35.29% in the UVA-irradiated microcosm. The same trend was present for the Hyphomicrobium sp., which increased from 3.33% in the dark microcosm to 13.73% in the UVA-irradiated microcosm. The other major bacterial species (≥5%) identified were Gemmatimonas sp. 
Bacterial Communities of Microcosms Containing BDE-209-Contaminated Yi-Li Sediment
Bacterial Communities of Microcosms Containing BDE-209-Contaminated Da-An Sediment
Discussion
Bacterial Species Involved in PBDE Biodegradation in the Microcosms
Microbial community structures and their metabolic activities in river sediments were sensitive bioindicators of the existence of environmental stressors in this study. Considering the toxic effects of BDE-209 alone on the bacterial community in dark microcosms, major bacterial groups present include at the Phylum/Class level were β-Proteobacteria (42.00%-53.47%), γ-Proteobacteria (10.53%-18.59%), CFB group bacteria (6.97%-18.5%), Acidobacteria (9.30%-15.20%), and Firmicutes (3.65%-4.65%), while at a Family/Genus level, Acidobacteria bacterium (9.30%-15.00%), Comamonadaceae bacterium (including Comamonas sp.) (10.00%-11.62%), Xanthomonadaceae bacterium (including Xanthomonas sp.) (1.66%-9.30%), Pseudomonas sp. (3.33%-6.97%), and Hydrogenophaga sp. (3.33%-4.65%) were identified. Previous studies have indicated that the presence of BDE-209 will alter the bacterial community structure. when a soil/water system containing 10 g of river sediment, 1.0 g of BDE-209 and 200 of mL water was incubated under aerobic conditions at 28 • C for two months, the Phyla Proteobacteria, Planctomycetes, Acidobacteria, Actinobacteria, Chloroflexi, Bacteroidetes, and Firmicutes were detected in the BDE-209-contaminated sediment. At the genus level, Acidobacterium, Hydrogenophaga (H. atypica), Gemmatimonadetes, and a Sphingomonas sp. were found. These findings are similar to the results of the present study [20] . The dominant groups, namely Proteobacteria, Acidobateria, and Firmcutes, including γ-Proteobacteria, β-Proteobacteria, α-Proteobacteria, Acidobateria, and Clostridia, seem likely to be playing important roles in the degradation of BDE-99 and its intermediate metabolites (PBDEs and OH-PBDEs) [9] . Moreover, the phyla Proteobacteria, Acidobacteria, Bacteroidetes, Chloroflexi, and Firmicutes have been found to dominate e-waste-contaminated river sediments, which are known to contain a mixture of heavy metals, PCBs, and PBDEs (mostly BDE-209). PBDEs degradation in sediment seems to involve various dominant genera, such as Pseudomonas, Burkholderia, Acinetobacter, Sulfuricurvum, Thiobacillus, and Alcanivorax, which are all member of the Proteobacteria [21, 22] .
Many bacterial species in this study have been reported to have the ability to biodegrade PBDE congeners when these are present in soil/sediment [23] [24] [25] [26] [27] [28] [29] . Pseudomonas spp., which are members of the Gram-negative γ-Proteobacteria; these are present in the dark BDE-209-contaminated microcosms (6.97% in the Yi-Li sample and 3.33% in the Da-An sample). Pseudomonas spp. been shown to have the ability to utilize BDE-209 and other PBDEs as carbon source during in situ bioremediation. Pseudomonas spp. have been found to be the most dominant species in the soil after spiking with BDE-15 in the range of 1-100 mg/kg for 180 days [23] . A positive response by the catechol 2,3-oxygenase gene was detected when biodegradation of 25 mg/kg BDE-209 by Pseudomonas in the various soil slurry microcosms was taking place [24] . Pseudomonas aeruginosa is able to utilize BDE-209 as a sole carbon source and is able to reach its highest degradation efficiency when a ratio of 1:5 BDE-209 and glucose as an extra carbon source are present. The lower brominated products of PBDEs, which include two nona-bromodiphenyl ethers (BDE-208, BDE-207), four octa-bromodiphenyl ethers (BDE-203, BDE-202, BDE-197, BDE-196) and one hepta-bromodiphenyl ethers (BDE-183), were formed during this biodegradation process [25] . A crude enzyme extracted from Pseudomonas aeruginosa was found to contain a mixture of intracellular enzymes and various degradation enzymes that are able to degrade BDE-209 into lower brominated PBDEs and OH-PBDEs; this occurred through debromination and hydroxylation of the aromatic rings [26] . Pseudomonas stutzeri, which was isolated from a PBDE-polluted area, is able to use BDE-47 as a sole source of carbon and was capable of transforming 97.94% of BDE-47 in two weeks into energy [27] . Pseudomonas putida is able to degrade BDE-47, with up to 49.96% of 50 µg/L being degraded after 7 days at 150 rpm and incubation at, 30 • C [28] . Another Pseudomonas putida strain was used for the bioremediation of three PBDE congeners (BDE-47, BDE-15, and BDE-3) and this study used an initial concentration of 2 mg/L. A extra carbon source, such as glucose and biphenyl, was able to play a positive role in promoting the biodegradation of these PBDEs and had no effects on the PBDEs degradation pathways [29] .
Comamonadaceae bacteria (including Comamonas spp.) are present in both the Yi-Li sediment (11.62%) and the Da-An sediment (10.00%) in the dark microcosms; however, it can only be found in the UV-irradiated Yi-Li sediment microcosm at a reduced level (3.92%) and is absent from the UV-irradiated Da-An sediment microcosm. Comamonadaceae are a family of Gram-negative aerobic β-Proteobacteria. that are known to biodegrade PBDEs when they are in contaminated soils. The Comamonas sp. are is probably involved in helping electron donation to pyruvate in the dark anaerobic microcosms that contains BDE-209-contaminated sediment. Microbial community structure can be altered by the amount of biometabolites present in the system such as tri-BDE congener (BDE-32) and hexa-BDE [30] . Comamonas spp. have been shown to be present in an enriched bacterial culture involving sediment contaminated with BDE-209 and microscale ZVI, which seems to promote the degradation of BDE-209. PBDE congeners, such as nona-BDEs, octa-BDEs, hepta-BDEs, and hexa-BDEs, have been shown to have a synergistic effect on the degradation of PBDEs [31] .
On the other hand, Sphingomonas sp. (5.88%), another group of aerobic gram-negative bacteria, were also detected in the UVA-irradiated Da-An sediment microcosm. Sphingomonas sp. has been shown to have the ability to biodegrading low-brominated PBDEs. Sphingomonas strain SS3 has been shown to aerobically biotransform 4-bromodiphenyl ether and the di-BDE congeners: 4,4 -dihalodiphenyl ethers and 2,4-dihalodiphenyl ethers [32, 33] . Sphingomonas sp. PH-07, which was isolated from activated sludge, is capable of biodegrading PBDE congeners such as 4-Bromodiphenyl ether (23% removal), 2,4-dibromodiphenyl ether (14% removal), and 4,4 -dibromodiphenyl ether (BDE-15, 8% removal) when they are present in a 1 g/L diphenyl ether solution [34] . A 67% biodegradation of BDE-209 was found and PBDE intermediates produced (ranging from nona-BDEs to tri-BDEs) when 1 mg BDE-209 was degraded in the presence of a mixture of Sphingomonas sp. PH-07 and 100 mg nano-ZVI over a 20-day period [35] .
Another bacterial species Clostridium akagii, has been identified as present in the dark Yi-Li microcosm (4.65%). This is a nitrogen-fixing anaerobic bacterium. When a Clostridium sp. is exposed to 1 µg/L BDE-47, it becomes enriched and there is induction of various genes associated with DNA repair, multidrug efflux pumping, bacterial chemotaxis and bacterial motility [36] . A Clostridium sp. has been found to be able to biodegrade BDE-3 when there is co-metabolism with glucose via an anaerobic degradation process. Two biometabolites, diphenyl ether and bromide ions (Br − ) were detected during the debromination [37] .
The Effects UVA Irradiation and the Presence of of BDE-209 on the Bacterial Communities
Bacterial groups present in the microcosms changed when they were continuously exposed to more than one environmental stressor, namely a high exposure to BDE-209 and long-term UVA irradiation. There was a synergistic effect that apparently brought about an alteration in the structure of the bacterial community. At the Phylum/Class level, the CFB bacteria group (35.28%-49.12%), Acidobacteria (5.88%-9.80%), and γ-Proteobacteria (5.88%-6.00%) were now present. At the Family/Genus level, Acidobacteria bacterium (a member of the Acidobacteriaceae) and a Terrimonas sp. (Terrimonas ferruginea) (3.92%-9.80%) were present in all of the microcosms; we suggest that this is because these organisms have a broad range of physiological functions in both PBDE biodegradation and in resistance to UVA irradiation. For example, Acidobacteria bacterium is widely found in a variety of environments including soil (sediment), hot springs and oceans, which suggests both important ecological roles and extensive metabolic versatility. Acidobacterium bacterium is able to tolerate in environment a wide range of pollutant including aromatic pollutants, such as PCBs and petroleum compounds, linear alkylbenzene sulfonate, and p-nitrophenol; it seems likely that they are involved in the degradation of these organic pollutants under such circumstances [38] . Homologs of genes encoding various repair proteins that are known to be involved in protecting against UV irradiation damage, such as ChoIII and UvrA, have been identified in Acidobacterium [39] . Terrimonas sp., a Gram-negative strictly aerobic bacterium has been found in polluted farmland soil, and in bulking sludge from a wastewater treatment plant. Biodegradation of aromatic compounds has been reported for this group of bacteria and this suggest that biodegradation of PBDEs by these bacteria might be possible. Terrimonas sp. (Terrimonas ferruginea) is an aerobic Gram-negative bacterium and potentially has been associated with anthracene biodegradation at a municipal solid waste composting site [40] . Terrimonas spp. are members of the CFB group, which is known to contain many strains that are highly resistant to solar radiation [41] . It has also been shown that biodegradation of methyl tert-butyl ether (MTBE) as a sole carbon and energy source occurred in the presence of a bacterial community largely made up of members of the phylum Acidobacteria and the genus Terrimonas [42] .
The dominant bacterial species present in these microcosms seem to have both a high tolerance for UV irradiation as well as the ability to bring about PBDE biodegradation. Methylobacterium, a facultative methylotrophic bacterium that is commonly in soil and river sediments, had the highest percentage presence in our stressed microcosms (23.53% in the Yi-Li microcosm). Methylobacterium is defined as a "radioresistant bacteria" which means that it is resistant to high levels of UV radiation. The genera representatives of radioresistant bacteria genera within the Methylobacterium include Deinococcus, Rubrobacter, Methylobacterium, Kocuria, Bacillus, and Thermococcus. These bacterial strains are resistant to high levels of ultraviolet radiation (up to 5000 J/m 2 ) [43, 44] . Radioresistant bacteria usually contain enzymes that are able to repair the damaged DNA present after irradiation and thus can survive high levels of radiation. Methylobacterium can be inferred to have the ability to biodegrade PBDEs because they also have the highest percentage presence in the dark microcosm (23.25% in the Yi-Li microcosm). Relevant to this, a Methyloversatilis sp. has been reported to be capable of the anaerobic dehalogenation of organic halogenated compounds such as PBDEs and dichloromethane [17, 45] . A Methyloversatilis sp. has been found in microcosms that might be producing trichloroethylene (TCE)-degrading enzymes, which could be involved in various TCE co-metabolic processes [46] . In addition to the above, Flavisolibacter sp., a Gram-staining-negative rod-shaped bacterium, seems to play an important role in the bacterial communities that are resistant to UVA-irradiation. The percentage of Flavisolibacter reached 35.29% in the UV-irradiated microcosm. In this context, previous studies have indicated Flavisolibacter tropicus is resistant to low levels of radiation (3 kGy gamma radiation) [47] . This Flavisolibacter tropicus strain was isolated from a soil sample and had genes present in its genome that are relevant to radiation resistance, such as excinuclease UvrABC complex and UvdE [48] . Flavisolibacter has been reported to be an important and sensitive indicator of the presence of a range of POPs in soils, such as carbamazepine and triclosan [9, 49] . Furthermore, it has been shown that atrazine is biodegraded by Flavisolibacter during the vermicomposting process [50] .
The Influence of Sediment Heterogeneity on the Bacterial Community
Microbial activity uses the different sedimentary structures present in a sediment as specific ecological niches. Any bacterial taxa will have a spatially heterogeneous distribution involving distinct micro-environments within a given aquatic sediment. Sediment heterogeneity, including soil texture and the pore size distribution, are able to indirectly influence the dynamics of nutrient cycling and this occurs by restricting bacterial movement; this will result in the detection of a range of different bacterial species within a given bacterial community. For example, Gemmatimonadales prefers coarse silts (20-63 µm), while Actinobacteria and Nitrosospira prefer fine silts (2-20 µm); on the other hand, Planctomycetales is found in the clay fraction (clay < 2 µm) [48] . The composition of the Yi-Li sediment is made up for the most part of larger sand particles (89.2%) and silt and clay only contribute 3.9% and 6.9%. respectively. The major bacterial groups present in the dark Yi-Li microcosm includes Methyloversatilis sp. of the β-Proteobacteria (23.25%); Comamonadaceae bacterium of the β-Proteobacteria (11.62%); Acidovorax sp. of the β-Proteobacteria (9.30%); Xanthomonadaceae bacterium of the γ-Proteobacteria (9.30%); Acidobacteria bacterium of the Acidobacteria (9.30%); Pseudomonas sp. of the γ-Proteobacteria (6.97%); Propionibacterium sp. of the Actinobacteria (6.97%); and Ferruginibacter sp. of the CFB group bacteria (6.97%). These bacteria seem to be taking advantage of the sand size particle fraction as suggested by previous studies. Larger particle sizes (sand) seem to be dominated by Proteobacteria [49] . Bacteroidetes and Proteobacteria have often been found in the sand-sized fraction (63-2000 µm) that contains free particulate organic matter (POM), which is a source of nutrients for both soil microorganisms and aquatic microorganisms [51] .
On the other hand, the Da-An sediment has a high silt content of 50.8% and the clay content in the Da-An sediment reaches 20.8%, which is three-time higher than that of the Yi-Li sediment. The presence of more clay particles in the sediment ecosystem seems to result in an increase in bacterial biodiversity. Seventeen bacterial species were present in the dark Da-An microcosm compared to only twelve bacterial species in the dark Yi-Li microcosm. Furthermore, the bacterial groups present in the dark Da-An microcosm are different to those in Yi-Li microcosm and include an Acidobacteria bacterium, a member of the Acidobacteria (15.00%); a Gemmatimonas sp. a member of the CFB group of bacteria (15.00%); a Comamonas sp., a member of the β-Proteobacteria (10.00%); an Azoarcus sp., a member of the β-Proteobacteria (10.00%); a Methylibium sp., a member of the β-Proteobacteria (8.33%); a Pseudoxanthomonas sp., a member of the γ-Proteobacteria (5.00%); and a Rhodocyclaceae bacterium, a member of the β-Proteobacteria (5.00%). Clay particles with a size range of 0.1 to 2 µm seem to have a dominant role in determining what microbes are present under aerobic, facultative and anaerobic growth conditions. Clay particles are able to aggregate together, and this allows the formation of biofilm formed from extracellular polysaccharides (EPSs). Bacteria are often found embedded in the biofilm surrounding clay particles and become encapsulated in the clay, residing preferentially in small pores. The Holophaga/Acidobacterium division of Acidobacteria has been shown to be dominant when smaller size fractions (silt and clay) form a soil [52] .
Another possible explanation for the changes that occurs in bacterial communities when sediments change can be ascribed to soil organic matter (SOM) content of the sediment. SOM is a critical factor and can have a strong influence on the microbial biomass and its community structure. The SOM is made up of carbon-organic compounds. This are able to contribute carbon, oxygen, hydrogen, and nitrogen to bacteria, which will stimulate biological growth; SOM is able to improve both the physical and chemical characteristics of a sediment. The SOM present in a sediment based ecological system is able to be composted by the microbes present in the environment [53] . Most SOM is processed by heterotrophic bacteria and these use the SOM's organic carbon content as a nutrient source and as an energy source; this in particular involves soil respiration and nitrogen mineralization. High levels of SOM in a sediment usually result in increased microbial activity and this can enhance biodiversity [54, 55] . A low SOM content will reduce the microbial population present in a given soil [56] . In this study, the SOM content of the sediments can be seen to be related to the biodiversity of the bacterial community present within that soil. The microcosm with the higher SOM content (0.749%) was the Da-An sediment and this has much greater biodiversity (17 bacterial species), compared to the Yi-Li sediment with a lower SOM content (0.474%), which has a lower biodiversity (12 bacterial species).
Conclusions
Environmental stress caused by physical and chemical factors results in alteration to a bacterial community that are related to the specific physiological characteristics of a given aquatic ecosystem. Bacterial species capable of PBDE biodegradation were able to be identified in the aquatic sediments investigated here after adding a high level of BDE-209. The introduction of this stressor resulted in a number of aerobic/anaerobic bacteria gaining a selective advantage; specifically, Comamonadaceae, Pseudomonas, Sphingomonas, and Clostridum were identified during the present study. The synergy between long-term exposure to UVA irradiation and contamination of soil by BDE-209 seems to inhibit the growth of some bacteria. Acidobacteria and Terrimonas are the dominant bacterial groups in the presence of UVA irradiation. Methloversatilis sp. and Flavisolibacter sp., are UV-resistant and radioresistant bacteria, are major species present when there is biodegradation of PBDEs in the presence of UVA irradiation. 
